The Trps1 transcription factor is highly expressed in dental mesenchyme and preodontoblasts, while in mature, secretory odontoblasts, it is expressed at low levels. Previously, we have shown that high Trps1 levels in mature odontoblasts impair their function in vitro and in vivo. Col1a1-Trps1 transgenic (Trps1-Tg) mice demonstrate defective dentin secretion and mineralization, which are associated with significantly decreased Dspp expression due to direct repression of the Dspp gene by Trps1. Here, by crossing Trps1-Tg and Col1a1-Dspp transgenic (Dspp-Tg) mice, we generated Col1a1-Trps1;Col1a1-Dspp double transgenic (double-Tg) mice in which Dspp was restored in odontoblasts overexpressing Trps1. Comparative micro-computed tomography analyses revealed partial correction of the dentin volume and no improvement of dentin mineralization in double transgenic mice in comparison with Trps1-Tg and wild-type (WT) mice. In addition, dentin of double-Tg mice has an irregular mineralization pattern characteristic for dentin in hypophosphatemic rickets. Consistent with this phenotype, decreased levels of Phex, Vdr, and Fam20c proteins are detected in both Trps1-Tg and double-Tg odontoblasts in comparison with WT and Dspp-Tg odontoblasts. This suggests that the Dspp-independent dentin mineralization defects in Trps1-Tg mice are a result of downregulation of a group of proteins critical for mineral deposition within the dentin matrix. In summary, by demonstrating that Trps1 functions as a repressor of later stages of dentinogenesis, we provide functional significance of the dynamic Trps1 expression pattern during dentinogenesis.
Introduction
Dentin, a mineralized tissue that is the most abundant component of teeth, is produced by odontoblasts. Dentin formation requires the differentiation of odontoblasts from progenitor cells in dental papilla and the formation of a specialized extracellular matrix by these cells. Functional odontoblasts have a columnar shape and form a continuous single cell layer at the periphery of the dental pulp. Each odontoblast has a long cellular process that extends into the predentin and dentin. These processes contain an abundance of secretory vesicles, as the role of the mature odontoblast is to secrete the extracellular matrix and regulate its mineralization. The newly synthesized unmineralized matrix, termed predentin, separates odontoblasts from the mineralized matrix, called dentin (Linde and Goldberg 1993; Butler and Ritchie 1995; Ruch et al. 1995; Embery et al. 2001; Arana-Chavez and Massa 2004) .
Like in bone, the organic dentin fraction is primarily composed of type I collagen. However, the molecular hallmark of dentin is an abundance of dentin sialoprotein (DSP) and dentin phosphoprotein (DPP), which are products of a proteolytic processing of a single peptide encoded by the DSPP gene (Butler 1998; Yamakoshi 2009; Sun et al. 2010; Ravindran and George 2014) . The importance of DSP and DPP for dentin development and mineralization has been underscored by the identification of DSPP gene mutations in human hereditary dentin disorders: dentinogenesis imperfecta (DGI) and dentin dysplasia (MacDougall et al. 2006; Hu and Simmer 2007; Barron et al. 2008; Maciejewska and Chomik 2012) . While mutations of DSPP cause isolated dentin defects, the presentation of DGI can also be a part of the osteogenesis imperfecta phenotype caused by mutations in one of the type I procollagen genes: COL1A1 or COL1A2. In either case, the DGI phenotype is characterized by an abnormal dentin structure and severely impaired mineralization. Defective dentin is also observed in a genetically heterogeneous group of phosphate homeostasis disorders, such as hypophosphatemic rickets, suggesting the importance of systemic phosphate homeostasis for dentin formation. Hypophosphatemic teeth have enlarged pulp chambers, severely undermineralized dentin, and an irregular mineralization pattern (Souza et al. 2010; Opsahl Vital et al. 2012; Souza et al. 2013; Foster et al. 2014) . Many of the genes associated with hypophosphatemia are highly expressed by odontoblasts, suggesting that they are involved in dentin mineralization acting locally and independently of systemic phosphate metabolism (Ruchon et al. 2000; Bai et al. 2002; Thompson et al. 2002; Boskey et al. 2009 ).
We have recently demonstrated severely disrupted dentin formation in Col1a1-Trps1 transgenic (Trps1-Tg) mice with sustained high expression of the transcription factor Trps1 in secretory odontoblasts (Napierala et al. 2012 ). On the molecular level, marked downregulation of Dspp in odontoblasts of Trps1-Tg mice was detected. Although there is a significant overlap in dental phenotypes of Trps1-Tg and Dspp -/mice (Sreenath et al. 2003) , the severity of dentin defects in Trps1-Tg mice suggests that other genes involved in dentinogenesis are also affected as a result of Trps1 overexpression in odontoblasts. This is further supported by our recent in vitro studies demonstrating the decreased expression of Phex and Vdr in odontoblastic cell lines overexpressing Trps1 (Kuzynski et al. 2014) . The goal of this study was to provide a more detailed mechanism of defective dentinogenesis in Trps1-Tg mice by identifying additional genes critical for dentin formation that are affected by Trps1 upregulation in secretory odontoblasts.
Materials and Methods

Transgenic Mice
The generation and characterization of Trps1-Tg and Col1a1-Dspp transgenic (Dspp-Tg) mice have been described before (Napierala et al. 2012; Zhu, Gibson, et al. 2012; Zhu, Prasad, et al. 2012 ). Col1a1-Trps1;Col1a1-Dspp double transgenic (double-Tg) mice were generated by breeding Trps1-Tg males with Dspp-Tg females. Trps1-Tg and double-Tg mice were maintained on a soft food diet as described earlier (Napierala et al. 2012) . All mice were housed in the University of Alabama at Birmingham animal facility in full compliance with all applicable federal and state guidelines. Veterinarians supervised animal care according to standard conditions of the University of Alabama at Birmingham animal care and use program, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All studies were performed with prior approval of the Institutional Animal Care and Use Committee.
Micro-Computed Tomography (µCT) Analyses
Fixed mandibles were scanned using the Scanco µCT40 desktop cone-beam µCT scanner (Scanco Medical AG, Brüttisellen, Switzerland) at the following settings: 12-µm resolution, 70 kVp, and 145 µA with an integration time of 200 ms. Scans were automatically reconstructed into 2-dimensional slices. One hundred slices (50 slices posterior and 50 slices anterior to the mandibular bone terminus dorsal to an incisor) were analyzed using the µCT Evaluation Program (v5.0A, Scanco Medical AG). The region of interest was drawn on each of the 100 slices to include only dentin and dental pulp. The dentin threshold was set at 195 to distinguish it from the pulp. The 3-dimensional reconstruction was performed using all the outlined slices. Enamel was not included in the analysis. Data were obtained for dentin volume (DV), total volume (TV), DV/TV, and dentin mineral density (DMD).
Histology and Immunohistochemistry (IHC)
Mandibles were collected and fixed in 4% buffered formalin for 48 h. For standard histology and IHC, mandibles were decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 14 d and dehydrated through increasing concentrations of ethanol prior to paraffin embedding. 7-µm paraffin-embedded tissue sections were stained with hematoxylin and eosin (H&E) according to standard protocols. IHC was performed using heat-induced antigen retrieval in sodium citrate buffer, pH 6.0, and antibodies: anti-vitamin D receptor (1:5,000 dilution; Abcam PLC, Cambridge, UK), anti-Phex (1:200 dilution; provided by Dr. Rajiv Kumar) (Thompson et al. 2002) , anti-Fam20c (1:2,000 dilution; provided by Dr. Chunlin Qin) , anti-osteopontin (anti-Opn) (1:100 dilution; Abcam PLC), and anti-ASARM (1:200 dilution; provided by Dr. Peter Rowe) (Staines et al. 2012 ).
Fluorescent Labeling
To analyze the dentin apposition rate, mice were intraperitoneally injected with alizarin red (25 mg/kg; Sigma, St. Louis, MO, USA) followed by an injection of calcein (25 mg/kg; Sigma) 10 d later. Mice were sacrificed 48 h after the second injection, and tissues were collected for analysis. 7-µm sections of methyl methacrylate-embedded tissues were imaged under fluorescent light using the Nikon Eclipse 90i (Tokyo, Japan) and Photometrics CoolSNAP software (Tucson, AZ, USA).
Statistical Analyses
Data are represented as the mean ± standard deviation. Probability values were calculated using the Student's t test. P < 0.1 was considered to be statistically significant.
Results
Restoring Dspp Expression in Trps1-Tg Mice Does Not Correct Dentin Structure
To determine whether the Trps1 inhibitory effect on the secretory odontoblast function extends beyond repression of the Dspp gene, a genetic approach was used to restore Dspp expression in Trps1-overexpressing odontoblasts. Dspp-Tg mice, which have been previously characterized and validated in terms of the ability to correct the dental phenotype of Dspp -/mice (Gibson et al. 2013) , were used to generate double-Tg mice. Overexpression of Trps1 and Dsp in transgenic odontoblasts and dentin, respectively, was confirmed at the protein level by IHC (Fig. 1 ).
The dentin structure was first evaluated by standard histology of first mandibular molars of 1-, 3-, and 8-wk-old mice (Fig.  2) . Comparison of H&E-stained tissue sections demonstrated distinctive predentin and dentin layers in wild-type (WT) and Dspp-Tg teeth. As demonstrated previously, this well-organized structure is diminished in Trps1-Tg mice, and only 1 layer of the extracellular matrix is detectable in teeth of these mice (Napierala et al. 2012) . A similar abnormal dentin structure is present in double-Tg mice and is detected in both unerupted (1 wk) and erupted (3 wk and 8 wk) teeth. This suggests that restoring Dspp is not sufficient to correct an abnormal dentin structure resulting from the overexpression of Trps1 in secretory odontoblasts.
Next, µCT analyses of 8-wk-old mice were performed to evaluate the mineralization of dentin in double-Tg mice (Fig.  3 ). Two-dimensional images of molars and incisors demonstrated a thick, homogenous dentin layer in the teeth of WT and Dspp-Tg mice. As demonstrated before, the dentin thickness is severely reduced, and very little dentin was detected in the molars and incisors of Trps1-Tg mice (Napierala et al. 2012) . In double-Tg mice, the dentin layer is thinner than in WT and Dspp-Tg mice, although it appears thicker than in Trps1-Tg mice. Partial improvement in the dentin layer thickness in double-Tg mice is further demonstrated by comparing 3-dimensional reconstructions of incisor dentin of WT, Dspp-Tg, Trps1-Tg, and double-Tg mice and by comparative quantitative analyses. Quantitative µCT analyses confirmed that the contribution of the DV to TV of dentin and pulp was significantly increased in double-Tg teeth compared to Trps1-Tg teeth. However, the DV/TV in double-Tg mice is still significantly lower than in WT and Dspp-Tg mice, indicating only partial improvement in dentin formation. Interestingly, quantitative analyses of the DMD revealed that significantly decreased mineralization of Trps1-Tg dentin is not improved in double-Tg mice, as there is no difference in the DMD between Trps1-Tg and double-Tg mice, and the DV is significantly lower in these mice than in WT mice.
In summary, comparative histological and µCT analyses of dentin revealed that overexpression of Dsp in Col1a1-Dspp transgenic (Dspp-Tg) dentin in comparison with wild-type (WT) dentin. Note decreased Dsp in Trps1-Tg dentin in comparison with WT dentin and no apparent difference in Dsp between WT and double-Tg dentin. D, dentin; DP, dental pulp. abnormalities of dentin formation and mineralization caused by the overexpression of Trps1 in secretory odontoblasts are only partially alleviated by restoring Dspp expression.
Overexpression of Trps1 in Secretory Odontoblasts Affects Phex, Vdr, and Fam20c Proteins
Partial improvement of dentin abnormalities in double-Tg mice suggests that Dspp is not the only gene affected by Trps1 overexpression in odontoblasts. Careful analyses of µCT images of incisors revealed the irregular mineralization of dentin in double-Tg mice, with radiolucent regions seemingly randomly distributed within dentin (Fig. 3A) . Similar irregular dentin mineralization has been demonstrated in hypophosphatemic rickets (Opsahl Vital et al. 2012; McKee et al. 2013; Souza et al. 2013; Foster et al. 2014) . Interestingly, we have recently identified that the overexpression of Trps1 in a preodontoblast-derived cell line results in significant downregulation of Phex and Vdr, whose mutations cause hypophosphatemic rickets (Kuzynski et al. 2014) . Considering these in vitro data and dentin mineralization defects caused by either Phex or Vdr deficiency, we hypothesized that decreased levels of either Phex or Vdr could contribute to dentin pathology in Trps1-Tg and double-Tg mice. Therefore, we focused our further comparative analyses on evaluating Phex and Vdr proteins in mature odontoblasts of WT, Trps1-Tg, and double-Tg mice. For comparison, we included Fam20c, which is also involved in hypophosphatemic rickets but was not affected by Trps1 in vitro (Wang, Wang, Li, et al. 2012; Rafaelsen et al. 2013; Kuzynski et al. 2014) .
Comparative IHC analyses of molars of 8-wk-old mice show no apparent difference in Phex, Vdr, and Fam20c protein levels or distribution between WT and Dspp-Tg mice (Fig. 4) . In both genotypes, high levels of these proteins are detected in mature odontoblasts. As it has been demonstrated before, Phex is distributed along the odontoblast cell body and odontoblast processes in the predentin layer, while Vdr and Fam20c are specifically localized on the predentin side of the cell body (Davideau et al. 1996; Ruchon et al. 2000; Thompson et al. 2002; Descroix et al. 2010; . In contrast, in Trps1-Tg and double-Tg odontoblasts, Phex can be detected only in odontoblast cell bodies (Fig. 4) . However, even within the cell body, the Phex distribution is abnormal in Trps1-Tg and double-Tg odontoblasts, as demonstrated by a strong punctate signal instead of an evenly distributed signal as detected in WT and Dspp-Tg odontoblasts. Similar to the Phex protein, Vdr and Fam20c proteins also cluster in foci in Trps1-Tg odontoblasts (Fig. 4 ). In addition, levels of these proteins are lower in Trps1-Tg teeth than in WT teeth. While these protein abnormalities are not corrected in double-Tg mice, some double-Tg odontoblasts do show improved Fam20c expression and distribution (Fig. 4, arrowhead) .
To address the potential contribution of mineralization inhibitors to the dental phenotype of Trps1-Tg mice, secreted , and Col1a1-Trps1;Col1a1-Dspp double transgenic (double-Tg) teeth demonstrating partial correction of the dentin layer thickness in both molars and incisors of double-Tg mice in comparison with Trps1-Tg mice. Arrows: the dentin layer. Arrowheads: irregular dentin mineralization in Trps1-Tg and double transgenic mice. (B) Comparison of the dentin volume (DV) and dentin mineral density (DMD) in the incisors of WT, Trps1-Tg, Dspp-Tg, and double-Tg mice. Top panel: µCT images (3-dimensional reconstruction) of dentin in the analyzed region of the incisor. Bottom panel: results of quantitative µCT analyses demonstrating partial correction of the DV in double-Tg mice as compared to WT and Trps1-Tg mice. Values are expressed as a ratio of the DV in total tissue volume (TV), where the TV is a sum of dentin and pulp volume. The DMD analyses show no improvement of dentin mineralization in double-Tg mice. Data are presented as the mean ± standard deviation (n = 5 each genotype). Statistical significance was calculated using a paired t test. *P < 0.1, **P < 0.01. NS, not significant. phosphoprotein 1 (Spp1)/Opn and matrix extracellular phosphoglycoprotein (MEPE) were analyzed by IHC (Fig. 4) . Opn and MEPE-derived ASARM peptides were detected in odontoblasts and dentin of all 4 genotypes, and we did not observe upregulation of these inhibitors in Trps1-Tg mice.
In summary, analyses of proteins associated with hypophosphatemic rickets and mineralization inhibitors revealed that Trps1 affects some of the mineralization-related proteins independently of Dspp expression.
Effect of Trps1 Overexpression on Formation of Mineralized Matrix Is Cell-type Specific
The lack of clear distinction between predentin and dentin in Trps1-Tg teeth suggests impaired secretion of the organic extracellular matrix or disorganized mineralization. To address the dynamics of dentin formation, mice were injected with alizarin red and calcein fluorescent dyes, which are incorporated into newly formed dentin at the time of dye administration. As expected, 2 discrete lines of fluorescent labels are clearly visible in WT and Dspp-Tg dentin, while in Trps1-Tg mice, these labels overlap (Fig.  5) . These overlapping lines indicate that less dentin matrix was secreted by Trps1-Tg odontoblasts in comparison with WT and Dspp-Tg odontoblasts during the 10 d between injections. In double-Tg mice, the deposition of dentin is uneven, with regions where the 2 fluorescent labels are clearly separated and regions where they are merged similar to those seen in Trps1-Tg mice (Fig. 5, upper  panel) . In addition to the reduced distance between fluorochrome labels, label lines are more diffused and wavy in Trps1-Tg and double-Tg dentin than in WT and Dspp-Tg dentin, suggesting the irregular secretion and mineralization of dentin by Trps1-overexpressing odontoblasts.
In Trps1-Tg mice, Trps1 is overexpressed in odontoblasts and osteoblasts; therefore, the incorporation of fluorescent dyes in alveolar bone was also compared between WT and Trps1-Tg mice (Fig. 5, lower panel) . Lines of fluorescent labels are clearly separated in Trps1-Tg alveolar bone, like in WT controls, indicating that impaired secretion of the mineralized matrix is restricted to odontoblasts.
Discussion
We have previously demonstrated that sustained high levels of the Trps1 transcription factor in secretory odontoblasts had deleterious effects on dentin formation, and this was associated with direct repression of the Dspp gene by Trps1 (Napierala et al. 2012) . In this study, we took a genetic approach to identify Dspp-independent consequences of Trps1 upregulation in secretory odontoblasts. By crossing Trps1-Tg mice with Dspp-Tg mice, we generated double transgenic mice in which Dspp was restored in odontoblasts overexpressing Trps1. The combination of standard histological analyses and µCT demonstrated that dentin made by double-Tg odontoblasts is improved in comparison with dentin of Trps1-Tg odontoblasts, but not corrected. Increased thickness of the dentin layer in double-Tg mice in comparison with Trps1-Tg mice indicates that Dspp deficiency contributes to this defect, although it is not the exclusive underlying cause. In contrast, the lack of improvement in the DMD suggests that this defect is caused predominantly by a Dspp-independent mechanism.
Interestingly, partial improvement of the DV in double-Tg mice revealed uneven, irregular mineralization of dentin, a defect that is characteristic for hypophosphatemic rickets (Opsahl Vital et al. 2012; Souza et al. 2013; Foster et al. 2014) . Consistently, downregulation of Phex, Vdr, and Fam20c proteins, whose deficiency is associated with this disorder, has been detected in secretory odontoblasts overexpressing Trps1 in comparison with WT and Dspp-Tg odontoblasts. Interestingly, Vdr, Phex, and Fam20c are highly and specifically expressed in odontoblasts (Fig. 4) , which implies a cell-autonomous function of these proteins in dentin mineralization (Ruchon et al. 2000; Bai et al. 2002; Thompson et al. 2002; Boskey et al. 2009; . Thus, the dentin phenotype similar to hypophosphatemic rickets is likely due to cell-autonomous consequences of the deficiency of phosphate homeostasis proteins in odontoblasts, which results in an impaired odontoblast function. Such a mechanism is additionally supported by the apparently unaffected alveolar bone in Trps1-Tg mice (Fig. 5 ), which suggests that there is no systemic effect of Trps1 overexpression in odontoblasts and osteoblasts. Furthermore, this indicates that the overexpression of Trps1 under the osteoblast-and odontoblast-specific fragment of the Col1a1 promoter has tissue-specific consequences, which are restricted to dentin. This, together with our recent in vitro data demonstrating the repression of Phex and Vdr expression in odontoblast cell lines overexpressing Trps1 (Kuzynski et al. 2014) , suggests that this inhibitory effect of Trps1 overexpression on the function of mature odontoblasts is cell autonomous. Further, since the previous in vitro studies were conducted in a cell line that expresses Dspp only transiently during the initiation of mineralization and at a very low level, this inhibitory effect is likely to be independent of the presence of Dsp and Dpp proteins in the extracellular matrix. Whether Trps1 directly represses the expression of these genes in secretory odontoblasts remains to be determined.
Studies of Trps1-Tg mice presented here, together with our previous data, revealed that Trps1 upregulation results in impaired dentin matrix secretion as well as dentin mineralization. At the molecular level, the major dentin gene, Dspp, and proteins involved specifically in the regulation of mineralization and phosphate homeostasis are downregulated by Trps1. At the same time, Trps1-overexpressing odontoblasts are positive for other odontogenic markers, alkaline phosphatase and osteocalcin (Napierala et al. 2012) , which suggests that Trps1 affects the odontoblast function rather than odontoblast differentiation. Interestingly, in both Trps1-Tg and double-Tg mice, an irregular, wavy pattern of mineral deposition in the dentin matrix was detected (Fig. 5 ). This suggests that Trps1overexpressing odontoblasts deposit minerals not only through well-defined regions of their processes but possibly also through the apical and lateral membrane of the cell body. The possibility that Trps1 overexpression disrupts organized dentin matrix secretion and mineralization is additionally suggested by histological analyses showing the dentin matrix between odontoblast cell bodies (Fig. 2) . The negative effect of Trps1 on the secretion of dentin matrix components is further supported by the abnormal distribution of Phex, Vdr, and Fam20c proteins within odontoblasts and dentin of Trps1-overexpressing odontoblasts in comparison with WT and Dspp-Tg odontoblasts ( Fig. 4) . Considering that spatially well-organized matrix secretion and mineralization are characteristic features of mature odontoblasts (Linde and Goldberg 1993; Ruch et al. 1995; Arana-Chavez and Massa 2004) , these data suggest that Trps1 must be downregulated in mature odontoblasts to allow for proper dentin formation.
In summary, results of this study provide insights into the biological significance of the dynamic Trps1 expression pattern during dentinogenesis. Trps1 is highly expressed in dental mesenchyme throughout all stages of tooth organ development, including preodontoblasts; however, Trps1 is downregulated in mature secretory odontoblasts (Kantaputra et al. 2008; Napierala et al. 2012) . Sustained high levels of Trps1 in secretory odontoblasts have a dominant negative effect on their function. Thus, Trps1 must be downregulated upon odontoblast maturation to allow for the progress of dentin formation beyond the initiation stage. Our data suggest that Trps1 may function in maintaining the preodontoblast stage of development by restricting the expression of multiple key mineralization proteins, specifically those involved in later phases of mineralization. These data provide an in vivo validation of our previous in vitro studies and further support our conclusion that Trps1 acts as a repressor of circumpulpal dentin formation. 
